Selective oxidation of trivalent americium (Am) could facilitate its separation from lanthanides in nuclear waste streams. Here, we report the application of a high-surfacearea, tin-doped indium oxide electrode surface-derivatized with a terpyridine ligand to the oxidation of Am(III) to Am(V) and Am(VI) in nitric acid. Potentials as low as 1.8 volts (V) versus the saturated calomel electrode were applied, 0.7 V lower than the 2.6 V potential for one-electron oxidation of Am(III) to Am(IV) in 1 molar acid. This simple electrochemical procedure provides a method to access the higher oxidation states of Am in noncomplexing media for the study of the associated coordination chemistry and, more important, for more efficient separation protocols. N uclear energy continues to be an attractive large-scale energy source due to its high power density and lack of carbon emissions (1). However, there are drawbacks to its expanded use, including the management of used fuel and high-level waste (HLW) (2, 3). The presence of the minor actinide americium in the nuclear waste stream greatly limits the storage capacity of geologic repositories due to heat production, especially from 241 Am, which is a major contributor to the long-term radiotoxicity of HLW. Closed nuclear fuel recycling schemes that improve uranium efficiency and minimize the volume of HLW are under development in nuclear energy programs worldwide. In these schemes, Am must be separated from the lanthanides before transmutation because their high-neutron cross sections would otherwise disrupt the fission efficiency of the recycled fuel. Some schemes also separate Am from curium to facilitate radiologically safe fuel fabrication (4).
N
uclear energy continues to be an attractive large-scale energy source due to its high power density and lack of carbon emissions (1). However, there are drawbacks to its expanded use, including the management of used fuel and high-level waste (HLW) (2, 3) . The presence of the minor actinide americium in the nuclear waste stream greatly limits the storage capacity of geologic repositories due to heat production, especially from 241 Am, which is a major contributor to the long-term radiotoxicity of HLW. Closed nuclear fuel recycling schemes that improve uranium efficiency and minimize the volume of HLW are under development in nuclear energy programs worldwide. In these schemes, Am must be separated from the lanthanides before transmutation because their high-neutron cross sections would otherwise disrupt the fission efficiency of the recycled fuel. Some schemes also separate Am from curium to facilitate radiologically safe fuel fabrication (4) .
Partitioning of Am from the lanthanides is arguably the most difficult separation in radiochemistry. The stable oxidation state of Am in aqueous, acidic solutions is Am(III). With its ionic radius comparable to the radii of the trivalent lanthanide ions, its coordination chemistry is similar, leaving few options for separation. One approach is the use of soft donor ligands that exploit the slightly more diffuse nature of the actinide 5f-orbitals over the harder lanthanide 4f-orbitals. This provides a stronger, more covalent bond between actinides and N-donor ligands. Notable progress has been made in complexation-based strategies, but considerable challenges have been encountered when attempting to adapt their narrow pH range requirements for process scaleup, stimulating efforts to find alternatives. Another approach is oxidation and separation using the higher oxidation states of Am (5, 6) . Unlike the lanthanides, with the exception of the ceric cation, Am(III) can be oxidized and forms [Am 2+ complex ions in acidic media. The high oxidation state ions could be separated from the lanthanides by virtue of their distinct charge densities using well-developed solvent extraction methods (4).
Penneman and Asprey first reported the generation of Am(V) and Am(VI) in the 1950s (7) . Determination of the formal reduction potentials has relied on both direct electrochemical measurements and indirect calorimetry. Formal potentials for the Am(IV/III) couple were evaluated in the 1960s and 1970s in concentrated phosphoric acid solutions (≈2 to 15 M) with Am(IV) stabilized and Am(V) destabilized by phosphate coordination, decreasing the driving force for disproportionation (8) (9) (10) (11) (12) . Am(IV) is also stabilized in mildly acidic, concentrated fluoride solutions (13) . Reported values for the Am(IV/III) potential have varied from as low as 2.2 V to as high as 2.9 V, with the standard value of 2.62 V versus the saturated calomel electrode (SCE) in 1 M perchloric acid derived from enthalpy of formation measurements by Morss and Fuger (14, 15 Oxidizing Am(III) in noncomplexing media is hampered by the high potential for the intermediate Am(IV/III) couple ( Fig. 1) (15) . Only a limited number of chemical oxidants, including persulfate and bismuthate, have been explored for this purpose (16) . Oxidation by persulfate gives sulfate as a by-product, which complicates subsequent vitrification of the waste (17) . Bismuthate suffers from very low solubility, necessitating a filtration step that complicates its removal (16 + ion has lower charge density than the trivalent lanthanides, which can therefore be selectively coordinated by ligands that facilitate their extraction, leaving Am(V) in the raffinate. This approach has been investigated in tandem with bismuthate oxidation but ultimately failed because the reduced Bi(III) product interfered with lanthanide extraction (16) .
We have sought to overcome these oxidation challenges by application of surface-modified electrodes. Our group previously pioneered the development and fabrication of high-surface-area porous oxide electrodes adapted for electrochemistry. These include planar fluoride-doped tin oxide (FTO) glass and reticulated vitreous carbon (RVC) coated with thin layers of conducting nanoparticle oxides, typically tin-doped indium oxide (ITO), antimony-doped tin oxide (ATO), and FTO (23, 24) . These electrodes have multiple advantages, including high conductivities, high surface areas, and well-developed chemistry for surface modification and derivatization (23) (24) (25) .
Surface modification by covalent attachment of molecules can dramatically alter electrode behavior by imparting the reactivity and interfacial properties of the molecules to the surface. Examples from our previous work have included electrocatalysis with surface-bound Ru(II) polypyridyl-based electrocatalysts anchored through phosphonic acidderivatized ligands, as well as assemblies of catalysts covalently bound through electropolymerization (26) (27) (28) . The resulting modified electrodes catalyze a variety of reactions, including water oxidation and C-H functionalization (27, 29) . In this extension to Am oxidation, we derivatized mesoscopic metal oxide nanoparticle electrodes with covalently attached 4′-phosphonyl-(4-phenyl)-2,2′:6′,2″-terpyridine (p-tpy) as a surface-bound ligand. As shown in Fig. 2 , this ligand binds to the metal oxide through the phosphonic acid group, creating a tpy-based surface binding site with an extensive and well-established d-block transition metal coordination chemistry and the ability to coordinate Am(III) (30) . N-donor ligands were chosen because they have often been used for Am(III) separation in liquid-liquid extraction (31, 32) . They are oxidatively robust in acidic solutions and have sufficient affinity for Am(III) to be useful in surface electrochemical oxidation (31) (32) (33) . By using a p-tpy-modified, high-surface-area oxide electrode, we demonstrate here the electrochemical oxidation of Am(III) to Am(V) and Am(VI) in nitric acid solutions without any additional ligands.
Cyclic voltammograms showed noticeably higher capacitive backgrounds and lower anodic currents for the derivatized electrodes than for nonderivatized controls at potentials beyond the thermodynamic potential for water oxidation (1.17 V versus NHE at pH 1) (fig. S1 ). Based on these results, derivatization of nanoITO with p-tpy increases the overpotential for water oxidation, in turn likely increasing the faradic efficiency for Am oxidation.
The surface coverage of p-tpy on nanoITO was estimated to be 4. at ≈ -1 V was not possible because of interference due to reduction of Sn(II) sites on the electrode surface before ligand reduction.
All experiments involving Am were carried out using 243 Am in a radiologically designated fume hood with high-efficiency particulate-absorbing (HEPA) filtered exhaust. Low americium concentrations were used to ensure that whole-body radiation dose rates were below 10 mrem/hour. To satisfy these conditions, the upper handling limit for Am solutions for experiments in this study was approximately 2 mM. Two experimental protocols were employed for spectrophotometric monitoring of Am-containing solutions during the course of the electrochemical oxidations: discrete sampling and continual flow ( fig. S4 ). In both, a twocompartment cell with compartments separated by a fine glass frit was used for electrochemistry. Proper equipment and instrument operation was ensured before the introduction of any americiumcontaining species. Speciation of Am was evaluated during electrolysis by spectroscopic monitoring of the f-f transitions of Am(III) (504 nm, D ≈ 300 L⋅mol is not extensive even with 8 M nitrate (34) . Electrolyses at each applied potential were performed at least twice to ensure consistent spectroscopic quantification of each Am species. In each case, the maximum deviation in the highest proportion of Am(VI) and Am(V) formed was no more than 20%, with variations attributed to different setups (constant flow versus discrete measurements). Am concentrations varied based on availability of stock solutions and handling limits but were checked by g-spectroscopy using 5-min count times. Samples of the counter-electrode compartments at the end of the electrolysis periods were counted by g-spectroscopy, with the results confirming that Am migration across the frit had not occurred. No Am(III) oxidation was observed using underivatized electrodes at potentials between 1.8 and 2.7 V versus SCE. Noticeable electrode decomposition was evident at potentials above 2 V for electrolysis periods as short as 1 hour. Possible Am adsorption on both derivatized and underivatized ITO electrodes was investigated by mixing varying amounts of ITO powder into solutions of Am(III) at 1 mM. The ITO was filtered off, digested in 6.5 M nitric acid, and the resulting solution counted by g-spectroscopy. No appreciable Am intercalation or adsorption into the ITO was observed in either case.
Visible absorption spectra of a solution containing 0.43 mM 243 Am(III) were acquired every 3 min during an electrolysis at 1.8 V to ascertain oxidation state speciation. At this potential and initial concentration, a decrease in Am(III) with time was observed with concurrent ingrowth of Am(V) (Fig. 3) . The low molar extinction coefficients for the f-f transitions necessitated modeling the acquired spectra by a Gaussian peak analysis ( fig. S5 ). No Am(VI) was detected at this applied potential; mass balance was reached by accounting for Am(III) and Am(V) in the solution. No changes in speciation were observed beyond 60 min, with about half of the Am(III) oxidized to Am(V) (0.19 mM Am(V), 0.25 mM Am(III)). At this potential, Am(VI) is thermodynamically accessible (Fig.  1) , and its absence is attributed to the slow electrochemical oxidation of Am(V) with competing autoreduction of Am(VI) as it is formed. Increasing the initial Am(V) concentration to 0.55 mM, with 0.40 mM Am(III) ( fig. S6 ), resulted in rapid conversion of Am(V) to Am(VI) at 1.8 V, whereas oxidation of Am(III) was slow. At pH 1, the potentials for the two couples are comparable ( + is more complex, involving a change in coordination number as well as oxo formation.
We thus observe formation of high-oxidationstate Am-in this case, below the potential for the intermediate one-electron Am(IV/III) couple at 2.6 V in noncomplexing media. The surfacebound p-tpy ligand is key to this underpotential oxidation. Coordination of p-tpy to Am(III) at the SCIENCE sciencemag.org electrode surface presumably decreases the thermodynamic barrier for the one-electron oxidation to Am(IV). Coordination effects are known to play an important role for Am(III). For example, formation of the 1:1 complex between Am(III) and 2-amino-4,6-di-(pyridine-2-yl)-1,3,5-triazine in a methanol-water mixture occurs with a DG°= -32.9 kJ/mol (31, 32) . By contrast, coordination effects for [ AmO 2 ] + are expected to be negligible due to the lower charge density of a monovalent dioxocation. Due to its instability, no information on the coordination preferences of Am(IV) exists; however, based on the better-known chemistry of Pu(IV), Am(IV) is expected to remain bound and undergo electrochemical oxidation to Am (V) before diffusing from the electrode surface (Fig. 3) .
Reducing agents, including those generated radiolytically, such as hydrogen peroxide, are the culprits for the instability of Am(VI) and inhibit complete oxidation of Am(III). To demonstrate this, we varied the applied potential and total Am concentration under spectroscopic monitoring.
Electrolysis of an 84 mM solution of Am(III) at 2.25 V, 130 mV below the Am(IV/III) couple, gives Am(V) and Am(VI), both of which grow linearly in concentration with time (Fig. 4) . After 1 hour, the increase in Am(VI) remains linear but with a noticeable decrease in rate. The growth in Am(V) also slows after 1 hour, eventually leveling off to reach a steady-state concentration of 30 mM. After 13 hours of electrolysis, the composition of the solution was 9 mM (11%) Am(III), 45 mM (54%) Am(V), and 30 mM (36%) Am(VI).
A further increase in applied potential to 2.7 V, this time with 1.84 mM Am(III), was sufficient to generate Am(IV) by direct oxidation at the electrode, resulting in an increase in the rate of appearance of Am(VI) relative to Am(V) without Am(V) reaching a steady state ( fig. S7) . After a 7-hour electrolysis period, the solution composition was 0.14 mM (8%) Am(III), 0.73 mM (40%) Am(V), and 0.97 mM (53%) Am(VI), which represents the highest final proportion of Am(VI) generated electrochemically in these studies ( fig. S9) .
Autoreduction by radiolytic intermediates provides an explanation for only partial oxidation of Am(III) to Am(V) and Am(VI) at the electrolysis steady state, as observed here. Quantitating the extent of autoreduction and its role in defining the electrolysis steady state are important elements in possible electrochemical/separation schemes for Am. Compared with chemical oxidation, the electrochemical procedure offers the advantage of avoiding complications from oxidizing agents and their reduced forms (16) .
Radiolysis of water by Am generates oneelectron reducing agents such as H atoms and two-electron reducing agents such as hydrogen peroxide, as well as other redox transients (35) . The concentration of radiolysis products varies linearly with total Am concentration, with zeroorder reduction kinetics observed for the appearance or disappearance of Am species. Under these conditions, rate constants for these Am species during autoreduction can therefore be derived from the slopes of concentration-time plots (36, 37) .
Radiolytically produced one-electron and twoelectron reductants provide independent pathways for Am(VI) reduction, with an overall rate constant for Am(VI) loss of 23. . The rate constant for the appearance of Am(V) was measured to be 16.4 × 10 −6 s −1 and is due both to the one-electron reduction of Am(VI) and to the disproportionation of Am(IV). Subtracting the contribution from Am(IV) disproportionation (7.3 × 10 −6 s −1 ) gives a one-electron reduction rate to produce Am(V) from Am(VI) of 9.1 × 10 −6 s −1 ( fig. S10 ).
Our results demonstrate low-potential oxidation of Am(III) to Am(VI) in noncoordinating solutions at high-surface-area metal oxide electrodes derivatized with a surface-bound terpyridine ligand. The mechanism appears to involve surface binding of Am(III) and oxidation to Am in competition with autoreduction by radiolysis intermediates, with Am(VI) more susceptible to reduction than Am(V). The kagome Heisenberg antiferromagnet is a leading candidate in the search for a spin system with a quantum spin-liquid ground state. The nature of its ground state remains a matter of active debate. We conducted oxygen-17 single-crystal nuclear magnetic resonance (NMR) measurements of the spin-1/2 kagome lattice in herbertsmithite [ZnCu 3 (OH) 6 Cl 2 ], which is known to exhibit a spinon continuum in the spin excitation spectrum. We demonstrated that the intrinsic local spin susceptibility c kagome , deduced from the oxygen-17 NMR frequency shift, asymptotes to zero below temperatures of 0.03J, where J~200 kelvin is the copper-copper superexchange interaction. Combined with the magnetic field dependence of c kagome that we observed at low temperatures, these results imply that the kagome Heisenberg antiferromagnet has a spin-liquid ground state with a finite gap.
T he realization and characterization of a kagome Heisenberg antiferromagnet (KHA) with a corner-shared triangle structure (Fig. 1A) is crucial to the search for a quantum spin-liquid ground state (1, 2) . Spin liquids consist of entangled pairs of spin singlets and do not undergo a magnetic phase transition. The successful synthesis of the structurally ideal kagome lattice of Cu 2+ ions (spin S = 1/2) in herbertsmithite [ZnCu 3 (OH) 6 Cl 2 ; Fig. 1, B to E] (3) was a major milestone (4) . ZnCu 3 (OH) 6 Cl 2 remains paramagnetic at least down to~50 mK (5, 6) . Moreover, inelastic neutron scattering measurements (7) on single crystals (8) have demonstrated that the spin excitation spectrum does not exhibit conventional magnons, but rather a spinon continuum. Despite the recent progress, fundamental issues regarding the nature of the ground state of the KHA are not yet understood. For example, the central question of the existence of a gap in the spin excitation spectrum has not been settled. This information is critical for comparatively evaluating the leading theories on the ground state of the S = 1/2 KHA: a gapped spin liquid, gapless spin liquid, or valence-bond solid (1, 2, (9) (10) (11) (12) (13) (14) In ZnCu 3 (OH) 6 Cl 2, weakly interacting Cu 2+ defects occupy the nonmagnetic Zn 2+ sites between the kagome layers with~15% probability (15) . Their contributions dominate bulk-averaged thermodynamic properties at low temperatures (3, 5, 8, 16, 17) , making it difficult to measure the intrinsic low-energy properties of this material. Similarly, the Cu 2+ impurity moments can contribute to the inelastic neutron scattering, obscuring the response of the intrinsic kagome spins at low energies (<2 meV) (7). Nuclear magnetic resonance (NMR) is an ideal local probe with which to investigate the intrinsic magnetic behavior under the presence of magnetic defects, as demonstrated by successful investigations of Kondo oscillations and analogous phenomena in metals (18) , high-temperature superconductors (19) , and low-dimensional spin systems (20) . Our primary goal was to uncover the intrinsic behavior of the spin susceptibility, c kagome , separately from the defect-induced local spin susceptibility, c defect , SCIENCE sciencemag.org
